Plants have mechanisms allowing them to acclimate to intense light conditions, which involves the dissipation of excess light energy. These mechanisms allow plants to perform photosynthesis efficiently and, therefore, must be accurately and precisely controlled. However, how plants dissipate excess light energy has yet to be fully elucidated. Herein we report the identification of a gene, which we named Fluctuating-Light-Acclimation Protein1 (FLAP1), that is conserved in oxygenic phototrophs. We show that Arabidopsis FLAP1 is associated with chloroplast thylakoid and envelope membranes and that the flap1 mutant shows delayed non-photochemical quenching (NPQ) relaxation during induction of photosynthesis at moderate light intensity. Under fluctuating light conditions, NPQ levels in the flap1 mutant were higher than those in the wild type during the high light period, and the mutant exhibited a pale-green phenotype. These findings suggest that FLAP1 is involved in NPQ control, which is important for an acclimation response to fluctuating light.
Introduction
Photosynthesis in plants captures sunlight energy and converts it into chemical energy, and thus photosynthesis constitutes the major energy-providing mechanism for most living organisms on the earth. Thus, elucidation of the mechanisms plants use to regulate sunlight capture is a central issue in biology. Because components of the photosynthetic pathways, e.g. photosystem proteins, can be damaged by excess light energy leading to suppression of photochemical reactions, plants have developed mechanisms to avoid the absorption of excess light energy by photosystem proteins. Non-photochemical quenching (NPQ) in the chloroplast thylakoid membrane is one such defense, and has been well studied. NPQ is induced when light energy is in excess, and it dissipates this excess energy (Holt et al. 2004 ). The NPQ-related compounds include the carotenoids, e.g. zeaxanthin (Ruban et al. 1994 , Niyogi et al. 1998 ). When NPQ is induced, zeaxanthin accumulates in thylakoid membranes, associates with light-harvesting complexes (LHCs) (Ruban et al. 1994 ) and then dissipates the excess light energy from the LHCs as heat (Ruban et al. 2012) . The conversion of excess light energy into heat is believed partially to prevent photoinhibition (Ruban et al. 2012) .
NPQ has some separate components such as the pH-regulated energy dissipation in the LHCII (qE), state transitions (qT) and photoinhibition (qI). qE is a major component in the land plants (Kalituho et al. 2007 ). Many mutants have been isolated to characterize components of NPQ, especially in the qE induction mechanism (Niyogi et al. 1998 , Li et al. 2000 , and have revealed that qE is regulated by zeaxanthin contents and a H + gradient across the thylakoid membrane (ÁpH) (Ruban et al. 2012) . Under low-intensity light, zeaxanthin is converted into violaxanthin by zeaxanthin epoxidase. Violaxanthin cannot dissipate energy as heat efficiently (Kaňa et al. 2016) . Under Plant Cell Physiol. 58(10): 1622 -1630 (2017 doi:10.1093/pcp/pcx110, Advance Access publication on 1 September 2017, available online at www.pcp.oxfordjournals.org ! The Author 2017. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com intense light, violaxanthin is converted into zeaxanthin by violaxanthin de-epoxidase (VDE); a mutation in NPQ1 that encodes this enzyme induces a phenotype with decreased qE activity (Niyogi et al. 1998 ). VDE activity is enhanced by acidification of the thylakoid lumen, which is accelerated by photosynthetic electron transport (Hieber et al. 2002 , Jahns et al. 2009 ). Zeaxanthin is also associated with a separate component of NPQ, named qZ (Nilkens et al. 2010) . A mutation in NPQ4 that encodes the thylakoid membrane protein PsbS abnormally decreases qE (Li et al. 2009 , Johnson et al. 2011 , indicating that PsbS contributes to qE induction. PsbS-dependent qE induction is also regulated by ÁpH across the thylakoid membrane (Li et al. 2004 , Johnson et al. 2011 . These mechanisms can dissipate absorbed light energy, and thus the control of NPQ depends on the environmental light intensity. Because sunlight intensity can fluctuate greatly, regulation of NPQ induction should impact photosynthetic performance. Although NPQ induction mechanisms are well understood, how NPQ is regulated in response to fluctuations in light is not.
For this report, we searched for additional NPQ-related genes. Because the NPQ level in the light is enhanced by stresses, e.g. high-intensity light, drought, low temperature or low CO 2 levels (Kanazawa et al. 2002 , Rapacz et al. 2008 , Kohzuma et al. 2009 ), we assumed that further forward genetic screening of a random mutation library might reveal mutants for stressrelated genes and not those more directly related to NPQ. To avoid isolating stress-related genes, we took advantage of bioinformatics information to reverse-screen for genes co-expressed with those known to be involved in photosynthesis. Specifically, we used the co-expression database ATTED-II (Aoki et al. 2016 ), which has annotations for genes with similar expression patterns, and first identified those genes co-expressed with NPQ1 (Rapacz et al 2008) . We then selected for genes that are conserved in all oxygenic phototrophs, i.e. cyanobacteria, green algae and higher plants. By doing so, we found the uncharacterized open reading frame (ORF) At1g54520 in the Arabidopsis genome, which we designated Fluctuating-LightAcclimation Protein1 (FLAP1), and characterized its protein product as a chloroplastic transmembrane protein responsible for the light acclimation response in Arabidopsis.
Results

Identification of a candidate gene responsible for the light acclimation response of Arabidopsis
To find genes associated with the light acclimation response, we searched for those with the following properties: (i) predicted to be chloroplastic; (ii) co-expressed with NPQ1; and (iii) conserved in oxygenic phototrophs. An Arabidopsis ORF, At1g54520 (designated as FLAP1), is co-expressed with NPQ1 as shown in the ATTED-II database (Aoki et al. 2016) (Supplementary Table S1 ). FLAP1 has six exons and five introns, and encodes a 392 residue protein of unknown function (Fig. 1a) . The predicted FLAP1 sequence has an N-terminal chloroplast-type transit peptide and a transmembrane domain between residues 167 and 189, as revealed by TargetP (Emanuelsson et al. 2000) and SOSUI (Mitaku et al. 2002) , respectively (Fig. 1a) . A search for similar sequences in other genomes in expressed sequence tag (EST) databases by tblastn (http://blast.ncbi.nlm.nih.gov/) identified FLAP1 orthologs in oxygenic phototrophs among different phyla (Embryophyta, Charophyta, Chlorophyta, Rhodophyta and Cyanobacteria) ( Supplementary Figs. S1, S2 ). To date, none of these orthologs has been characterized.
FLAP1 is located in chloroplast membranes
To determine whether FLAP1 is a chloroplastic protein, fulllength FLAP1 was fused with the green fluorescent protein (GFP)-encoding sequence and expressed in tobacco leaves. FLAP1-related GFP signals, but not those of the control transformant (GFP only), overlapped Chl autofluorescence (Fig. 1b) , suggesting that FLAP1 is found only in chloroplasts. The merged image shows that the Chl fluorescence is surrounded by that of FLAP1-GFP (Fig. 1b) , suggesting that FLAP1 localizes in the thylakoid and chloroplast envelope membranes. The coding sequence of FLAP1 was also fused to enhanced cyan fluorescent protein (ECFP), and FLAP1-ECFP was co-expressed with enhanced yellow fluorescent protein (EYFP)-fused SENSITIVE Intact chloroplasts from plant leaves were isolated and separated into the following groups: enriched in total, thylakoid and chloroplast envelope membranes (lanes 1, 2, and 3, respectively). The samples were subjected to Western blotting, which was performed with antibodies against PsaA, TOC75 and FLAG. The same amount of protein was loaded in each lane (0.2 mg for the anti-PsaA blot; 6 mg for anti-TOC75 and anti-FLAG blots). An asterisk indicates a non-specific band.
TO FREEZING 2 (SFR2-EYFP) that was previously shown to localize in the chloroplast envelope membranes (Fourrier et al. 2008) . The FLAP1-ECFP signals were partially overlapped with SFR2-EYFP signals ( Supplementary Fig. S3 ), indicating co-localization of FLAP1 and SFR2 in the chloroplast envelope membranes. The location of FLAP1 was also assessed by Western blotting of Arabidopsis transformed with FLAGtagged FLAP1 (35S:FLAP1-FLAG). (As described below in the complementation study, FLAG-tagged FLAP1 is fully active.) We first confirmed that FLAP1-FLAG was specifically detected and localized in the insoluble, but not in the soluble, fractions of leaves of the recombinant plants ( Supplementary Fig. S4 ). The thylakoid and chloroplast envelope membranes were then separately isolated from intact chloroplasts of WT and recombinant plants. Western blotting with anti-PsaA and anti-TOC75 (specific probes for the thylakoid and chloroplast envelope membranes, respectively) revealed that the isolated fractions were highly enriched in each of the thylakoid and chloroplast envelope membranes (Fig. 1c) . FLAG-tagged FLAP1 signals were detected in both membrane fractions (Fig. 1c) , indicating the dual localization of FLAP1 in both thylakoid and envelop membranes.
flap1 mutant phenotypes under fluctuating light conditions
The T-DNA insertional Arabidopsis FLAP1 mutant (GABI-kat 123C09; designated flap1) was obtained from the Arabidopsis Biological Resource Center. PCR-based genotyping and sequencing of the PCR products revealed that flap1 has a T-DNA homozygous insertion between base pairs 452 and 453 in the second FLAP1 intron. Quantitative reverse transcription-PCR (RT-PCR) showed no expression of FLAP1 in the flap1 mutant ( Supplementary Fig. S5a ). Although flap1 showed no obvious abnormal phenotype(s) under continuous normal light conditions, its leaves were a paler green under fluctuating light, i.e. alternating light of low intensity ($50 mmol photons m À2 s
À1
) and moderate intensity ($150 mmol photons m À2 s À1 ) for 5 and 1 min, respectively (Fig. 2a) . The Chl content in flap1 was significantly reduced compared with the WT under the fluctuating light condition, i.e. by 50% (P < 0.05; Fig. 2b , c). No significant difference was observed for the Chl a/b ratio of the WT and flap1 under both normal light and fluctuating light conditions ( Fig. 2d and e, respectively). The pale-green phenotype was complemented upon introduction of the 35S:FLAP1-FLAG construct ( Supplementary Fig. S5b, c) .
We used electron microscopy to examine the ultrastructure of flap1 chloroplasts from plants grown under fluctuating light (Fig. 2f, g ). The chloroplasts in flap1 were smaller than those in the WT (Fig. 2f) . In addition, there were fewer chloroplasts in each flap1 cell than in the WT. This reduction in chloroplast number was confirmed by confocal microscopy: the chloroplast number in flap1 was reduced to approximately 70% compared with the WT (Supplementary Fig. S5d ). This phenotype was also complemented upon introduction of the 35S:FLAP1-FLAG construct ( Supplementary Fig. S5d ). With respect to thylakoid membrane stacking structure, no difference was found between flap1 and the WT (Fig. 2g) .
To ask whether high-intensity light itself affects the flap1 phenotypes, the WT and flap1 plants were grown under three light intensities: low light (40 mmol photons m À2 s À1 ), moderate light (150 mmol photons m À2 s
) and high light (400 mmol photons m À2 s
) conditions. No visible phenotype was seen between the WT and flap1 under any light intensity conditions ( Supplementary Fig. S6 ), indicating that the palegreen phenotype of flap1 was specifically observed under fluctuating light conditions.
Photosynthetic parameter values for the WT and flap1
To evaluate the effect of flap1 mutation on photosynthetic activity, the Dual-PAM-100 measuring system was employed to monitor Chl fluorescence, P700 absorbance change and electrochromic shift (ECS) that were affected by photosynthetic electron transport. Both the WT and flap1, grown under constant light (200 mmol photons m (Fig. 3a) . In the relaxation state (<1 min after illumination), the flap1 mutant showed slower NPQ relaxation compared with that in the WT. At the relaxation state (2 min after illumination), the flap1 mutant also showed high Y(ND) and Y(NPQ), which represent the quantum yield of donor side-limited heat dissipation in PSI, and the quantum yield of regulated energy dissipation in PSII, respectively ( Table 1) . Y(II) was slightly lower in flap1 than in the WT (Fig. 3b) . However, other photosynthetic parameters such as F v /F m and Y(I) were comparable between the WT and flap1 ( Fig. 3c; Table 1) . Notably, the WT and flap1 were similar in that NPQ levels remained at a steady state under various light conditions (Fig. 3a, d) . Interestingly, the difference of NPQ relaxation kinetics between the WT and flap1 (Fig. 3a) was not observed when plants were grown in agar plates; the flap1 actually showed higher NPQ after the relaxation (<3 min after illumination) than what was observed in the WT (Supplementary Fig. S5e ). The higher NPQ in flap1 was complemented upon introduction of the 35S:FLAP1-FLAG construct ( Supplementary Fig. S5e) .
We also measured ECS signals and calculated proton motive force (pmf), proton concentration gradient (ÁpH) and transmembrane electric potential gradient (ÁÉ) at the steady state (after 10 min illumination) ( Supplementary Fig. S7 ). The flap1 mutant showed a slightly lower ÁpH value compared with that in the WT, although pmf and ÁÉ showed similar levels in the WT and flap1. gH + , the parameter for thylakoid proton conductivity, was also similar for the WT and flap1 ( Supplementary  Fig. S7d ). We also measured the zeaxanthin content in mutant leaves, as it affects qE (Falbel et al. 1994 , Niyogi et al. 1998 , Johnson et al. 2011 . No significant difference was found for zeaxanthin accumulation in WT and flap1 plants raised under intense light (Supplementary Table S2 ). We did not detect zeaxanthin accumulation under low-intensity light in the WT or flap1, although the antheraxanthin content was slightly, but significantly, different for the WT and flap1 (Supplementary  Table S2 ).
Photosynthetic activity under fluctuating light
Next we measured the photosynthetic parameters under fluctuating light conditions. Plants grown under normal light were subjected to PAM analysis with a fluctuating actinic light condition (Fig. 4) . Both the WT and flap1 showed similar NPQ induction kinetics at the first low actinic light illumination (50 mmol photons m À2 s À1 ) (Fig. 4a) . Upon high-light illumination (500 mmol photons m À2 s À1 ) after the low-light illumination, both plants showed strong NPQ induction. NPQ values in flap1 were slightly higher than those in the WT at the condition ( Fig. 4a ; 500 mmol photons m À2 s
À1
). The induced NPQ was rapidly diminished when the light intensity decreased to 50 mmol photons m À2 s
. Under the second and third high actinic light illumination (300 mmol photons m À2 s
), NPQ was strongly induced in both plants. Interestingly, NPQ values in flap1 were higher than those in the WT, although both plants showed similar features in the NPQ induction kinetics. Notably both plants also showed similar NPQ relaxation kinetics at any light intensity illumination (Fig. 4a) . Furthermore, Y(II) values of the WT and flap1 were almost the same during the measurement (Fig. 4b) . ). Plants grown under non-fluctuating light were first dark-adapted for 30 min. (d) Effect of exposure to different actinic light intensities on the NPQ value. After dark adaptation for 30 min, the plants were exposed to light. The light intensity was increased step by step from low intensity light. The light was illuminated for 3 min at each light intensity. PAR, photosynthetically active radiation. Colors: black, WT Arabidopsis; red, flap1. Data are the mean ± SD (n = 4).
Discussion
FLAP1 is involved in NPQ control
Using bioinformatics tools, we identified the previously uncharacterized factor FLAP1 that is conserved in oxygenic phototrophs and is important for Arabidopsis to adapt to fluctuating light. flap1 showed higher NPQ than that in the WT when the light intensity was fluctuating (dark or low light to high light) (Figs. 3a, 4a) . NPQ is induced by various reactions, e.g. thermal dissipation (qE), state transitions and photoinhibition (Tikhonov 2015 , Ruban 2016 . qE induction requires thylakoid lumen acidification (Johnson et al 2011) , which leads to zeaxanthin accumulation (Bratt et al. 1995) and to modulation of LHCII organization (Kereïche et al. 2010) . The induction of qE is faster than that of other NPQ components (Tikhonov 2015 , Ruban 2016 . The high NPQ in flap1 was observed at the initial stage of NPQ induction ( Fig.  3a ; Table 1 ), suggesting that flap1 mutation mostly affects qE. ) for 2 or 10 min. The Fv/Fm values are irrelevant to the illumination time. Data are the mean ± SD (n = 4). qE induction is triggered by lumen acidification sensed by the NPQ4/PsbS protein (Li et al. 2000 , Johnson et al. 2011 , and is also affected by VDE-dependent zeaxanthin accumulation (Johnson et al. 2011) . In fact, the accumulation level of antheraxanthin, a precursor of zeaxanthin, was slightly higher in flap1 than it was in the WT (Supplementary Table S2 ). Given that the expression level of NPQ1 encoding VDE in flap1 was comparable with that in the WT (Supplementary Fig. S5f) , the antheraxanthin accumulation in flap1 may be caused by post-translational control of VDE. The activity of VDE is enhanced by acidification of the lumen (Hieber et al. 2002 , Jahns et al. 2009 ), suggesting that lumen acidification in flap1 is higher than that in the WT. This hypothesis is also supported by the high Y(ND) value in flap1 ( Table 1) . Y(ND) reflects donor-side limitation of PSI, which is induced by down-regulation of Cyt b 6 f activity by acidification of the thylakoid lumen and/or PSII damage (Schreiber and Klughammer 2008) . F v /F m values were comparable between the WT and flap1 (Table 1) , further suggesting that high Y(ND) in flap1 is due to the high level of lumen acidification in flap1 compared with that in the WT.
The acidification level of the thylakoid lumen is enhanced under several conditions, such as low CO 2 assimilation and/or low ATP synthesis activity. When the CO 2 assimilation activity is low, electrons are transported to a plastoquinone pool from PSI (PSI cyclic electron flow: PSI-CEF), which induces the acidification of the thylakoid lumen. flap1 showed similar F v /F m , Y(I) and Y(II) values as in the WT under the condition where NPQ in flap1 is higher than that in the WT (Table 1) . These results suggest that high NPQ in flap1 is independent from PSI-CEF activity. Interestingly, the high NPQ phenotype of flap1 was not observed when the light intensity was increased step by step, as shown in the light curve measurement (Fig. 3d) . Moreover the ÁpH value, measured by ECS analysis, is lower in flap1 than in the WT at the steady state ( Supplementary Fig. S7 ). Thus, the high NPQ phenotype of flap1 requires a change of substantial light intensity. The change to high light induces transient acidification of the thylakoid lumen that promotes NPQ induction. The delayed NPQ relaxation in flap1 during the induction of photosynthesis (Fig. 3a) suggested that the relaxation of the luminal acidification is delayed in the flap1 mutant. Determination of the exact luminal pH should be important in the future to uncover the FLAP1 function.
FLAP1 is important for chloroplast development under fluctuating light
The Arabidopsis flap1 mutant has a pale-green color and showed a reduction in chloroplast sizes, numbers and Chl content under fluctuating light conditions compared with the WT (Fig. 2b-d; Supplementary Fig. S5b, c) . A previous study showed that chloroplast size and number change drastically depending on the light intensity (Heyneke et al. 2013) . Specifically, in land plants, chloroplast size and number are significantly reduced to approximately 50% under high-intensity light (Maxwell et al. 1999 ). This response is believed to acclimate plants to light stresses. The pale-green color and reduction in Chl content in flap1 were more obvious under fluctuating light than under moderate, constant light (Fig.  2a-c) , suggesting that flap1 is more sensitive to fluctuating light stress than the WT. These results indicate that FLAP1 has an important role in the acclimation response to light of fluctuating intensity in Arabidopsis. Although flap1 showed a high NPQ phenotype, it is unclear whether the high NPQ causes the pale-green phenotype under fluctuating light conditions. Some transporter mutants show abnormal NPQ with an associated abnormal ÁpH and a reduction in chloroplast size and number (Song et al. 2004 , Carraretto et al. 2013 , Kunz et al. 2014 , Finazzia et al. 2015 , Herdean et al. 2016 . One possibility is that these transporter activities might be reduced in the flap1 mutant under fluctuating light conditions. The chloroplast size and number should be closely related to chloroplast development and division. Chloroplast development and division are regulated by anterograde and retrograde signaling (Glynn et al. 2007 , Sakamoto et al. 2008 , Jarvis et al. 2013 . Although recent studies identified several important factors for the signaling, regulatory mechanisms for chloroplast division are still unclear (Glynn et al. 2007 , Sakamoto et al. 2008 , Jarvis et al. 2013 ). Characterization of flap1 might be important to clarify such regulatory mechanisms.
FLAP1 activity and its regulation
FLAP1 has a C-terminal conserved domain of unknown function, and this region includes a predicted transmembrane segment (Fig. 1a) that may anchor FLAP1 to the thylakoid and chloroplast envelope membranes ( Fig. 1c; Supplementary Fig.  S3 ). FLAP1 is a known substrate for STN8, a plastidial kinase involved in phosphorylation of various photosynthetic proteins (Reiland et al. 2011) , suggesting that STN8 phosphorylates FLAP1 to regulate its activity. However, the distinct molecular function of FLAP1 protein is still unclear. Given that FLAP1 localizes in both thylakoid and chloroplast envelope membranes ( Fig. 1c; Supplementary Fig. S3 ), FLAP1 may not directly control photosynthetic electron transfer. Because compositions of membrane proteins are very different between thylakoid and envelope membranes, FLAP1 may functionally interact with different components in the two membrane systems. STN8 specifically localizes in thylakoid membranes (Wunder et al. 2013) , supporting the hypothesis. Thus, although FLAP1 activity may be the same in thylakoid and envelope membranes, the physiological role of FLAP1 may be different in each membrane system. Elucidation of the exact function of FLAP1 localized in the two membranes is important to uncover novel mechanisms of the fluctuating light acclimation response in plants.
Materials and Methods
Plants and growth conditions
Plants were the Columbia ecotype of Arabidopsis thaliana and were grown on Murashige and Skoog (MS) medium containing 0.8% agar or soil at 23 C for 6-9 weeks in growth chambers. . The T-DNA knockout line for flap1 (At1g54520; GABI-kat 123C09) was obtained from the Arabidopsis Biological Resource Center. Using the gene-specific primers described below, inclusion of the flap1 mutation in the genome of this plant was confirmed by PCR amplification of the gene, followed by sequencing. Total RNA was isolated using SV Total RNA Isolation kit reagents (Promega). Elimination of FLAP1 expression was confirmed by RT-PCR using the gene-specific primers described in Supplementary  Table S3 .
Measurement of Chl content
Shoot Chl was extracted in 80% (v/v) acetone. The extract was centrifuged at 5,000Âg for 10 min, and the supernatant was collected. After measuring the A 750 of the supernatant using UV-1800 (Shimadzu) to ensure that it was not turbid, the A 663.6 and A 646.6 were measured to determine the Chl content, which was calculated as described (Porra et al. 1989 ).
Chl fluorescence measurements
Chl fluorescence parameters were measured using a Dual-PAM-100 system (Walz). The minimum Chl fluorescence at the open PSII center (F o ) was determined by measuring A 655 under a light intensity of 0.05-0.15 mmol photons m À2 s
À1
. A saturating pulse of white light (400 ms) was applied to determine the maximum Chl fluorescence at the closed PSII centers when in the dark (F m ) and during actinic light illumination (F m '). The steady-state Chl fluorescence (F s ) was recorded during actinic light illumination. The maximum quantum efficiency (F v /F m ) was calculated as (F m -F o )/F m . The operating efficiency (uII) during steady-state photosynthesis was calculated as (F m ' -F s )/F m '. NPQ was calculated as (F m -F m ')/F m '. The parameters Y(NPQ) and Y(NO) were calculated according to Kramer et al. (2004) .
ECS measurements
Plants were grown in soil under fluctuating light. ECS signals were measured using the Dual-PAM-100 system in conjunction with a P515 module. After applying the measuring light and actinic light (200 mmol photons m À2 s À1 )
for 10 min, the actinic light was turned off. The ÁpH and Ác values were calculated using the light and dark decay kinetics of the ECS signals (Sacksteder et al. 2000) . The gH + value was defined as the inverse of the time constant of the single exponential that had been fit to the ECS decay signal. All ECS signal values were normalized against the absorption change induced by a single turnover flash.
Transmission electron microscopy
Rosette leaves were harvested from 40-day-old plants grown on MS medium under fluctuating light conditions, and were fixed and embedded in Spurr's low-viscosity resin as described (Maekawa et al. 2015) . Thin sections were stained with uranyl acetate and lead citrate, and visualized with a Hitachi H7500 transmission electron microscope operating at 80 kV.
Transient expression of CFP and YFP fusion proteins in tobacco cells
Full-length FLAP1 and SFR2 cDNA were PCR-amplified to construct CFP and YFP fusions, respectively. The PCR product was first cloned into pDONRzeo using BP Clonase II reagents (Invitrogen). The inserted fragment was then cloned into pGWB441 or 444 (kindly provided by Dr. Nakagawa of Shimane University) using LR Clonase II reagents (Invitrogen). The obtained construct was introduced into Agrobacterium cells by electroporation. The cells were cultured in LB medium until the late-log phase and then pelleted by centrifugation at room temperature. The harvested cells were suspended in about 15 ml of 10 mM MES-KOH (pH 5.5), 10 mM MgSO 4 , 2% (w/v) sucrose, and the A 600 of the suspension was adjusted to approximately 0.7. Each suspension was injected into Nicotiana benthamiana leaves using a syringe. Plants were incubated at 23 C for 3 d under continuous light (40 mmol photons m À2 s À1 ). CFP, YFP and Chl fluorescence was observed with confocal laser scanning microscopy (LSM780, Zeiss).
Western blotting
Protein samples from each plant (WT, flap1 and FLAP1-FLAG-2) were electrophoresed through an SDS-polyacrylamide gel (12% w/v acrylamide) and electroblotted onto a polyvinylidene fluoride membrane (GE Healthcare). Membrane-bound proteins were immunoprobed with antibodies against PsaA (Agrisera AS06172), TOC75 (Agrisera AS06 150) and FLAG (Thermo Fisher 31430), and detected using ECL Advance Western Blotting Detection kit reagents (GE Healthcare).
Isolation and purification of carotenoids
Pigments were extracted twice from whole plants with a mixture of acetone and methanol (7 : 2, v/v) containing 10 mM Tris-HCl (pH 8.0)-to prevent acidification using a homogenizer-followed by centrifugation, and the combined supernatant was then evaporated to dryness. The pigment extract was analyzed by HPLC using a NOVApack C18 column (Waters) equipped with a photodiode array detector (MCPD-3600; Otsuka Electronics) as described (Kuwabara et al. 1998 ).
Phylogenetic analysis
The FLAP1 sequences were aligned with Clustal Omega (http://www.ebi.ac.uk/ Tools/msa/clustalo/). Problematic alignment regions for phylogenetic analysis were subsequently removed from the alignment using the Gblocks web program (http://molevol.cmima.csic.es/castresana/Gblocks.html). The phylogenetic tree was constructed with MEGA ver 7.034 with 1,000 bootstraps (Kumar et al. 2016 ).
qRT-PCR
Total RNA was isolated from rosette leaves of the WT, flap1 and 35S:FLAP1-FLAG2 using the SV Total RNA Isolation System (Promega KK). Total RNA (500 ng) was converted to cDNA with oligo(dT) Adaptor Primer using the TAKARA RNA PCR TM kit (AMV) Ver.3.0 according to the protocol given in the instruction's. qRT-PCR was performed according to the SYBR Õ Premix Ex Taq TM II (Tli RNaseH Plus) instruction manual (TAKARA). qRT-PCR was performed in a Thermal Cycler Dice Real Time System II (TAKARA). The PCR conditions were: initial denaturation at 95 C for 30 s, followed by 45 cycles of 5 s at 95 C and 30 s at 60 C. The actin gene ACT2 At3g18780 was used as a reference gene. Relative expression levels were determined by the ÁCt method. Three biological replicates were used for the experiment. The following primers were used for the experiment: FLAP1_qPCR_F and FLAP1_qPCR_R for FLAP1, NPQ1_qPCR_F and NPQ1_qPCR_R for NPQ1 (Supplementary Table S3 ).
